Effect of chemical inhomogeneity in the bismuth-based copper oxide superconductors 
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We examine the effect on the superconducting transition temperature (Tc) of chemical inhomo- 
geneities in Bi2Sr2Cu06+5 and Bi2Sr2CaCu2 08+i single crystals. Cation disorder at the Sr crystal- 
lographic site is inherent in these materials and strongly affects the value of Tc. Partial substitution 
of Sr by Ln (Ln = La, Pr, Nd, Sm, Eu, Gd, and Bi) in Bi2Sri.6Lno.4Cu06+4 results in a monotonic 
decrease of Tc with increasing ionic radius mismatch. By minimizing Sr site disorder at the expense 
of Ca site disorder, we demonstrate that the Tc of Bi2Sr2CaCu208+5 can be increased to 96 K. Based 
on these results we discuss the effects of chemical inhomogeneity in other bulk high-temperature 
superconductors. 

PACS numbers: 74.62.-c, 74.62. Bf, 74.62.Dh, 74.72.Hs 



I. INTRODUCTION 

The possible existence of nanoscale electronic inho- 
mogeneity — the propensity of charge carriers doped 
into the Cu02 plane to form nanoscale structures — 
has drawn much attention in the field of high-Tc su- 
perconductivity. Neutron scattering studies on Nd co- 
doped La2_a.Sr^Cu04 (Nd-LSCO)i and STM/STS stud- 
ies on Bi2Sr2CaCu208+5 (Bi2212)S have led to sug- 
gestions that such self-organization may manifest it- 
self as one-dimensional "stripes" in Nd-LSCO, or two- 
dimensional "patches" in Bi2212. In the former case, 
the intcr-stripc spacing in the superconducting regime is 
reported to be approximately four times the in-planc lat- 
tice constant, about 1.5 nm, and in the latter case the 
patches are estimated to be 1-3 nm across. Many the- 
oretical studies suggest that the spatial electronic inho- 
mogeneity in the hole-doped Cu02 planes is an essential 
part of high-Tc physics^. However, at present, the im- 
portance of, or even the existence of generic nanoscale 
electronic inhomogeneity remains controversial^. 

If nanoscale electronic inhomogeneity exists in the su- 
perconducting cuprates, the doped holes will distribute 
themselves in the Cu02 planes so as to minimize their to- 
tal energy. In real materials, the Cu02 planes are usually 
inhomogencous due to local lattice distortions and/or the 
random Coulomb potential resulting from chemical disor- 
der, which differs from system to system. Therefore, even 
if electronic inhomogeneity may itself be a genuine prop- 
erty of doped Cu02 planes, the spatial variation of doped 
holes will likely depend on the details of each material. 
For example, in the framework of the stripe modclA, in- 
commensurate spin and charge correlations are stabilized 
in Nd-LSCO by the long-range distortion of the CuOe oc- 
tahedra in the low-temperature tetragonal phase, which 
creates one-dimensional potential wells. For Bi2212, it is 
argued that the random Coulomb potential caused by ex- 
cess oxygen atoms in the BiO planes pins the doped holes, 
thus creating patch-shaped inhomogeneities^. These ob- 
servations suggest that electronic and chemical inhomo- 
geneity are inseparable from each other, and that the un- 



derstanding of the latter is imperative for an understand- 
ing of the former. 

Motivated by this line of reasoning, we have exam- 
ined the effects of chemical inhomogeneity in single-layer 
Bi2Sr2Cu06+5 (Bi2201) and double-layer Bi2212. Al- 
though widely used for surface sensitive measurements 
such as STM^ and angle-resolved photoemission spec- 
troscopy (ARPES)^, a detailed understanding of their 
materials properties is very limited, when compared to 
other materials such as LSCO or YBa2Cu307_5. 

The Bi-based cuprates contain excess oxygens in BiO 
planes and one can change their carrier concentration 
by changing the amount, 6. The excess oxygen would 
engender a random Coulomb potential in the Cu02 
planes. Besides the oxygen nonstoichiometry in BiO 
planes, there exists another source of chemical inhomo- 
geneity which inherently exists in typical samples. Al- 
though referred to as Bi2201 and Bi2212, it is empir- 
ically known that stoichiometric Bi2.oSr2.oCu06-i-5 and 
Bi2.oSr2.oCaCu208+5 are very difficult to synthesizoL^, 
even in a polycrystallinc form. In order to more eas- 
ily form the crystal structure, one usually replaces Sr^"*" 
ions by trivalent ions, such as excess Bi'^"'' ions or La"^+ 
ions, forming Bi2+a;Sr2-2;Cu06+5, Bi2Sr2_2;La2;CuOfi+5, 
and Bi2+xSr2_2;CaCu208+5. As listed up in Ref. ^ a 
typical BiiSr nonstoichiometry, x, for Bi2212 is around 
0.1, which yields a Tc=89-91K. To our knowledge, the 
highest Tc reported in the literature is 95K (Ref0 
(g),(i)). For Bi2201, Tc of Bi2+:rSr2-xCu06+5 is around 
lOK for a:;(Bi)= 0.1, whereas La substituted Bi2201 
(Bi2Sr2_2;La2;Cu06+5) has a higher Tc >30K for a;(La)« 
0.4M. Since the Sr atom is located next to the apical 
oxygen which is just above the Cu atoms, the effect of Sr 
site (also referred to as the A-site) cation inhomogeneity 
is expected to be stronger than that of the excess oxy- 
gens in BiO planes. Note that BiO planes are located 
relatively far away from Cu02 planes, with SrO planes 
in between. 

In this study, we evaluate the effect of chemical inho- 
mogeniety in the Bi-based cuprates. For Bi2201, we have 
grown a series of Bi2Sri.gLno.4Cu06+5 crystals with var- 
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ious trivalent rare earth (Ln) ions. In this series, the 
magnitude of the local lattice distortion can be changed 
systematically by making use of the different ionic radii 
of the substituted Ln ions. We find that monoton- 
ically decreases with increasing ionic radius mismatch. 
For Bi2212, a series of Bi2+xSr2-KCaCu208+5 crystals 
with varying values of x were grown in order to evalu- 
ate the effect of Bi:Sr nonstoichiomctry. In addition, wc 
also have grown Bi2Sr2Cai_yYj,Cu208+5, and find that 
substitution of Y for Ca site helps to enforce Bi:Sr stoi- 
chiometry and to raise to 96 K for y = 0.08. 

Our results demonstrate that the cation disorder, in 
particular that located at the Sr site, significantly affects 
the maximum attainable T'c(rc,max) in the Bi-based su- 
perconductors. In order to explain our results we use a 
conceptual hierarchy that classifies and ranks the princi- 
pal kinds of chemical disorder possible in these systems. 
We then extend our arguments to other cuprates to ex- 
amine whether a general trend exists in the hole-doped 
high-Tc superconductors. 

This paper is organized as follows: Section II contains 
detailed information about sample preparation and char- 
acterization. The experimental results are presented in 
Section III and discussed in Section IV, while the effects 
of disorder in other cuprates is addressed in Section V. 



II. SAMPLE PREPARATION 

Single crystals of Bi2201 and Bi2212 were grown us- 
ing the travelling-solvent floating-zone technique, which 
is now the preferred method for synthesizing high-purity 
single crystals of many transition metal oxides. This 
technique allows for greater control of the growth con- 
ditions than is possible either by standard solid state re- 
actions or by the flux method. 

Powders of BiaOa, SrCOs, CaCOs, Ln203 (Ln=La, 
Pr, Nd, Sm, Eu, Gd, Y), and CuO (all of 99.99% or 
higher purity) were well dried and mixed in the desired 
cation ratio (Bi:Sr:Ln:Cu=2 : 2~ x : x : 1 for Bi2201 and 
Bi:Sr:Ca:Cu=2 a; : 2 - x : 1 : 2 for Bi2212), and then 
repeatedly calcinated at about 800° C with intermediate 
grinding. Eventually, the powder was finely ground and 
formed into a 100 mm long rod with a diameter of 5 mm. 
The crystal growth was performed using a Crystal Sys- 
tems Inc. infrared radiation furnace equipped with four 
150 W halogen lamps. Except for nearly-stoichiometric 
{x — 0) Bi2212. the rods were premelted at 18 mm/h 
to form dense feed rods. The crystal growth was carried 
out without the use of a solvent and at a growth speed of 
0.3-0.4 mm/h for Bi2201 and 0.15-0.2 mm/h for Bi2212. 
The growth atmospheres adopted for the Bi2212 growth 
are listed in Table 1. Bi2201 single crystals were grown 
in 1 atm of flowing O2. 

The growth condition for the x ~ Q Bi2212 sample 
was more stringent than for the other samples. In or- 
der to obtain homogeneous polycrystallinc feed rods, a 
mixture of starting powders with the stoichiometric ra- 



tio Bi:Sr:Ca:Cu=2:2:l:2 was calcinated in stages, at tem- 
peratures increasing from 770°C to 870°C in 10°C incre- 
ments, with intermediate grindings. The final calcina- 
tion temperature (870°C) was set to be just below the 
composition's melting temperature (875°C). The dura- 
tion of each calcination was about 20 hours. To avoid 
possible compositional fluctuation in the feed rod. in- 
stead of premelting, the feed rod was sintered four times 
in the floating-zone furnace at a speed of 50 mm/h. This 
process allowed us to obtain dense feed rods, approxi- 
mately 95% of the ideal density. The atmosphere re- 
quired for stable crystal growth was 7 ± 3% O2 , a range 
much narrower than for nonstoichiometric or Y-doped 
Bi2212. The grown crystal rod contained small amounts 
of a single-crystalline SrCu02 secondary phase, indicat- 
ing that the sample still suffers from Bi:Sr nonstoichiom- 
ctry. Single-phase Bi2212 single crystals could be cleaved 
from the grown rod. No traces of impurity phases were 
found in other compositions. 

Inductively coupled plasma (ICP) spectroscopy was 
carried out to determine the chemical compositions of 
the crystals. Additional electron-probe microanalysis 
(EPMA) was also carried out on the Bi2201 crystals. The 
results confirm that the actual compositions follow the 
nominal compositions, as listed in Table 1 for Bi2212. 
Hereafter, we basically denote the samples by nominal 
composition to avoid confusion. In order to determine 
the maximum for each cation composition (i.e., to 
achieve optimal hole concentration), the Bi2212 samples 
were annealed at various temperatures and oxygen par- 
tial pressures using a tube furnace equipped with an oxy- 
gen monitor and a sample transfer arm, which allowed us 
to rapidly quench the annealed samples from high tem- 
peratures within a closed environment. This procedure 
ensures that the variation of Tc among the samples is 
primarily due to cation nonstoichiomctry and not due to 
differing hole concentrations. Annealing conditions for 
obtaining optimal (OP), and typical underdoped (UD) 
and overdoped (OD) samples are listed in Table 1. The 
results for Bi2201 are on the as-grown crystals and ac- 
cordingly may not exactly reflect Tc^max- However, by 
carrying out a series of annealing studies, we have con- 
firmed that the systematic change of Tc among our sam- 
ples is not due to different hole concentrations, but due 
to the different Ln ions. 

Superconducting transition temperatures were deter- 
mined by AC susceptibility measurements using a Quan- 
tum Design Physical Properties Measurement System 
(PPMS). The transition temperatures reported here cor- 
respond to the onset of a diamagnetic signal. We note 
that the different definition of rc(such as the interecept 
between the superconducting transition slope and the 
X = axis) does not affect our conclusions due to the 
sharp superconducting transition (less than 2K for most 
samples), as shown below. Although it is hard to de- 
termine the exact superconducting fraction due to the 
demagnetization factor of the plate-shaped crystals, the 
magnitude of the superconducting signal suggests the 
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TABLE I: Sample preparation conditions and crystal compositions derived from the ICP analysis for Bi2212 single crystals. 
The ICP analysis on the third sample in the Table was done on cleaved, single-phase samples from an ingot containing a small 
amount of SrCu02 secondary phase. 



annealing condition 



nominal composition 


ICP resuhs 


Bi:Sr ratio 


growth atmosphere 


UD 


OP 


OD 


Bi2.2Sri.8CaCu2 08+5 


Bi2.igSri.86Cai.07Cu2O8+« 


1.178 


latm 


700° C 


750° C 


400° C 








O2 


air 


O2 


O2 


Bi2.04Sri,96CaCu2O8+« 


Bi2.06Sri,93Cao.96Cu2 08+a 


1.069 


3atm 


650° C 


500° C 


as- grown 








O2 


Ar 


Ar 




Bi2.00Sr2.00 CaCu2 Os+s 


Bi2.06Sr2.04Cao.87Cu2 08+4 


1.008 


latm 


650° C 


500° C 


650°C 








02:Ar=7:93 


Ar 


Ar 


O2 


Bi2.00Sr2.00Ca0.92 Yo.08Cu2 08+5 


Bi2.o2Sr2.oiCao.85Yo.o8Cu2 08+i 


1.004 


latm 


650° C 


400° C 


500° C 








O2:Ar=20:80 


Ar 


Ar 


O2 



bulk superconductivity of the grown samples. No appre- 
ciable differences were observed between different sam- 
ples from the same growth, or between different crystals 
prepared under identical conditions, an indication of the 
macroscopic homogeneity of the crystals and the repro- 
ducibility of our sample growth process. 



III. EXPERIMENTAL RESULTS 
A. Results for Bi2201 

We have grown a series of Ln^+ substituted 
Bi2Sri.6Lno.4Cu06+5 single crystals with Ln = La, Pr, 
Nd, Sm, Eu, Gd, Bi. The ionic radius of Ln'^^ ions, 
decreases monotonically with increasing atomic number, 
1.14 A (La3+), 1.06 A (Pr3+), 1.04 A {m^+), 1.00 
A (Sm3+), 0.98 A (Eu3+), 0.97 A {Gd^+), and 0.96 
A (61"^+)*^. Accordingly, by introducing different Ln 
ions, we can systematically change the ionic radius mis- 
match between Sr^+ (1.12 A) and Ln'^+. We use this 
mismatch, defined as AR = \Rsr — RluI, to quantify 
the magnitude of the local lattice distortion around Ln'^^ 
ions. 

In Fig. 1(a), we show magnetic susceptibility data for 
a series of Ln'^+ substituted samples grown under the 
same conditions. The Tc of the La-doped sample was 33 
K with a transition width of less than 1 K, a reasonable 
result for an as-grown crystal with this compositionifi. 
As shown in Fig. 1(b), Tc decreases monotonically with 
increasing AR, yielding 29 K (Pr3+), 27.5 K (Nd3+), 23 
K (Sm3+), 18 K (Eu3+), and 12 K {Gd^+), respectively. 
There is no trace of superconductivity down to 1.8 K 
for the Bi-substituted sample. This is reasonable, since 
the ionic radius of Bi'^+ is the smallest of the Ln ions, 
and the shape of the Bi'^"'' ion tends to be asymmetric 
due to the presence of a (6s) ^ lone paii— , which might 
cause additional local lattice distortions. These observa- 
tions demonstrate the strong sensitivity of T^. to Sr site 
substitution in Bi2201. 

Although one can minimize the magnitude of the lo- 
cal lattice distortion through the choice of the La'^+ ion. 
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FIG. 1: (a) Bi2Sri.6Lno.4Cu06+4 susceptibility curves, nor- 
malized to -1 at the lowest temperature, (b) Tc values as a 
function of AR. 



which has a radius similar to that of Sr^+, there re- 
mains another type of chemical disorder, that is, the 
random Coulomb potential caused by heterovalent ion 
substitution. For LSCO, ^"^Cu NQR spin-lattice relax- 
ation rates experiments have revealed signatures for an 
electronic inhomogeniety and the results have been dis- 
cussed in connection with the random distribution of 
SP+ ionsiS. Considering that both LSCO and Bi2201 
contain A-site chemical disorder, it seems likely that the 
disorder would affect the electronic properties of Bi2201 
to a degree comparable to that observed in LSCO, and 
much more strongly than for the structurally similar ma- 
terial Tl2Ba2Cu06+5 (T12201) which is bcheved to be 
essentially free of A-site disorder. We will discuss this 
issue in more detail below. 



B. Results for Bi2212 

Since cation substitution at the Sr site has such 
a dramatic effect on Tc in Bi2201, in particular for 
Ln=Bi, one might expect to find similar results for 
Bi2212. To verify this, we have grown single crystals 
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FIG. 2: Bi2+i:Sr2-a;Cai_yYyCu20g+A- susceptibility curves, 
normalized to -1 at the lowest temperature. Data for 
optimally-doped (OP), urrderdoped (UD), and overdoped 
(OD) samples are indicated for each cation composition by 
closed circles, open squares, and open triangles, respectively. 

of Bi2+i:Sr2_a;CaCu208-i-5. By adopting the methods de- 
scribed in Sec. II, we have managed to grow single crys- 
tals over the range 0.0 < a; < 0.2. In Figs. 2(a)-(c), 
we present magnetic susceptibility data for three differ- 
ent crystals with compositions x — 0.2, 0.04, and ~ 0, 
respectively (e in the chemical formula for the nominal 
a; = sample (Fig. 2 (c)) implies the presence of resid- 
ual nonstoichiometry in our sample, as discussed in the 
previous section). In the figures, OP indicates optimally- 
doped samples, which possess Tc^max for a given cation 
composition. Representative data for underdoped (UD) 
and overdoped (OD) samples, which were obtained by 
reducing and oxidizing OP samples, are also plotted to 
demonstrate successful control of the hole concentration 
over a wide range. 

As the Bi:Sr ratio approaches 1:1, Tcmax increases from 
82.4 K for x = 0.2, to 91.4 K for x = 0.07 (not shown), 
92.6 K for x = 0.04, and eventually to 94.0 K for the 
sample closest to the stoichiometric composition that we 
could grow. We note that most of the samples studied in 
the literature contain a nonstoichiometry of x ~ 0.1 with 
Tc = 89 — 91 KS, consistent with the present results. 

Although Tc of Bi2212 can be raised by trying to en- 
force Bi:Sr stoichiomctry, the preparation of nearly sto- 
ichiometric samples becomes much more difficult than 
when nonstoichiometry is allowed. This could be due to a 



greater stability of the crystal structure when it contains 
additional positive charges, which are usually introduced 
by allowing the Bi^+:Sr^+ ratio to be larger than one, 
as discussed in Ref. |^ If this is indeed the case, one 
might expect to be able to synthesize higher-Tc^max sam- 
ples more easily by introducing extra positive charges via 
cation substitution that causes disorder less severe than 
substitution of Bi'^^ ions at the Sr site. 

In the case of Bi2201 we observed that the substitution 
of additional Ln atoms can eliminate excess Bi atoms 
from the unfavorable Sr site position, effectively lower- 
ing the magnitude of disorder and raising Tc. In the 
double-layer material Bi2212, there is an additional crys- 
tallographic site, the Ca site located between the Cu02 
planes, which can also accept trivalent dopant ions. One 
might expect Ln'^^ ions at the Ca site to be a weaker 
type of disorder than Bi^^^ ions at the Sr site, since there 
are no apical oxygens in the Ca planes that could couple 
to Cu atoms in the Cu02 planes. 

To test this idea we have also grown Y-substituted 
Bi2Sr2Cai_yYyCu2 08-i-5 crystals. We find that this com- 
pound is as easy to prepare as ordinary (nonstoichiomet- 
ric) Bi2212, and that for Y-Bi2212 the Bi:Sr ratio indeed 
tends to be stoichiometric. Furthermore, as shown in 
Fig. 2(d), Tc_max for the y = 0.08 sample was increased 
to 96.0 K, a value higher than for any other Bi2212 sam- 
ple reported in the literatureiS We also grew y = 0.10 
and y = 0.12 samples and confirmed that Tc^niax> 95 K 
in both cases. 



IV. DISCUSSION 

The effect on Tc of structural distortions associated 
with cation substitution has been extensively studied 
in LSCO-based materialai^, and it is established that 
Tc strongly depends on the A-site (La site) ionic ra- 
dius mismatch. For instance, Attfield et al. used si- 
multaneous co-substitution of several alkaline earth and 
Ln ions to hold the average A-site ionic radius constant 
while systematically controlling the variance of the A- 
site ionic radius, and found that Tc is affected not just 
by the average radius, but also by the degree of disorder 
(the variance) at that crystallographic site. Our study 
of single-layer Bi2201 continues this line of inquiry to a 
different superconducting material and demonstrates a 
similar sensitivity of Tc to A-site disorder. We note that 
our results qualitatively agree with those of a previous 
study on polycrystalline Bi2201 samplesii. 

One can see the same trend in Bi2212 crystals with 
varying degrees of chemical inhomogeniety. As expected, 
we find that Tc is strongly dependent on the A-site dis- 
order introduced by the Bi:Sr nonstoichiometry. Fur- 
thermore, we also demonstrate that by the seemingly 
counter-intuitive method of introducing additional Y'^"'" 
ions, and hence a new type of disorder, we can raise 

max to 96 K while minimizing A-site disorder. This 
suggests that, although the minimization of chemical dis- 
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order is important for raising Tc, different types of dis- 
order are not equally harmful. This is consistent with 
the observationi^ that by carefully controlling disorder 
in the triple-layer material TlBa2Ca2Cu309+5 (T11223) 
Tc can be raised from ^ 120 K to 133.5 K, a new record 
for that system, and that Ba site (the A-site in this sys- 
tem) cation disorder (deficiency) has the strongest effect 
on Tc. 

Numerous experiments on Bi2212 have suggested non- 
uniformity in its electronic properties. These include 
broad lincwidths seen in inelastic neutron scattering ex- 
perimentsi^, residual low-energy excitations in the super- 
conducting state observed in penetration depth measure- 
mentsii, finite spin susceptibility at low temperatures 
observed in NMR studiesi^, and short quasiparticle life- 
times detected by complex conductivity experiments^^. 
The most recent of these are STM/STS measurements^ 
that purport to directly image patch-shaped, electroni- 
cally inhomogeneous regions. The Bi:Sr nonstoichiome- 
try which inherently exists in most samples may be par- 
tially responsible for these experimental observations. 

Although the present results do not directly prove the 
presence of nanoscale electronic inhomogeneity, they can 
be taken as a circumstantial supporting evidence, since 
they successfully prove the existence of nanoscale chemi- 
cal inhomogeneity which potentially pins down electronic 
inhomogeneity. To explain their STM/STS results. Pan 
et al^ attribute the source of pinning centers to excess 
oxygen in the BiO planes. Although the overall frame- 
work addressed by Pan et al. should still hold, we con- 
sider that the Bi ions on the Sr site are more effective as 
pinning centers since they are closer to the Cu02 planes 
and affect Tc more directly. Indeed, assuming a random 
distribution of Bi ions on the Sr site and a nonstoichiom- 
etry of x = 0.10, the average separation between Bi ions 
is 1 — 2 nm, comparable with the length scale observed 
in the STM/STS studies. 

Recent ^^Y NMR experiments on YBCO indicate that 
the spatial inhomogeniety in this system is much less 
severe than in LSCO or Bi2213^. This is reasonable 
since the latter two systems exhibit a much higher degree 
of disorder located at the A-sitc (La site (LSCO) and 
Sr site (Bi2212)), whereas YBCO (Ba site) is thought 
to be free from such cation disorder. Indeed, recent 
penetration depth measurements on the YBCO variant 
Ndi+a;Ba2-a;Cu307_5, witli cationic disorder at the Ba 
site, demonstrate that the superconducting properties of 
this system change quite sensitively with the degree of 
Nd/Ba nonstoichiometrjiSS. 



V. DISORDER EFFECTS IN THE CUPRATES 

The two main lessons to be learned from our Bi2201 
and Bi2212 case studies are that (1) chemical inhomo- 
geneity affects Tc^max and that (2) the effect of disorder 
differs depending on its location. In the following, we 
attempt to classify the various sites at which chemical 



disorder is possible and categorize other superconducting 
families on the basis of which kind of disorder is prevalent 
in each system. 

In Fig. 3, wc classify 25 cupratc superconductors based 
on the pattern of the chemical disorder and the number 
of Cu02 planes in the unit celliSi In the first row, we il- 
lustrate three possible locations of chemical disorder rel- 
ative to the CuOs pyramids in multilayer materials, or 
to the CuOg octahedra in single-layer materials. Pattern 
(a) corresponds to the Bi:Sr nonstoichiometry in Bi2201 
and Bi2212, or Sr^+ ions doped into the La site in LSCO, 
referred to as A-site disorder so far. The disorder is lo- 
cated next to the apical oxygen. Pattern (b) corresponds 
to Y'^+ substitution for Ca^"*" in Bi2212 and represents 
disorder located next to the Cu02 plane, but at a posi- 
tion where there are no apical oxygen atoms with which 
to bond. There is no corresponding (b) site in single- 
layer materials. Pattern (c) disorder is further away 
from the Cu02 plane. We include excess oxygen 5 in 
Bi- and Tl-bascd cuprates, oxygen defects in CuO chains 
in YBa2Cu307_i, and Hg deficiency y as well as excess 
oxygen 5 in Hgi_j,Ba2Ca„_iCu„02n-i-2+5 in this cate- 
gory. We note that the materials are catalogued based 
on the primary form of disorder that they are believed 
to exhibit. 

As demonstrated in the present case study, the effect of 
the chemical disorder is expected to be stronger for pat- 
tern (a) than for pattern (b) , which is reasonable consid- 
ering the role of the apical oxygen atom in passing on the 
effect of disorder to nearby Cu atoms. First, the random 
Coulomb potential caused by type (a) disorder changes 
the energy levels of the apical oxygen orbitals, which can 
be transmitted to Cu02 planes through the hybridization 
between the apical 0(2pz) orbital and the Cu(3dr2_322) 
orbital. Second, the displacement of the apical oxygen 
caused by type (a) disorder brings about a local lattice 
distortion to the Cu02 planes. The effect of pattern (c) 
disorder is expected to be weakest since the disorder is 
located relatively far away from the Cu02 plane. 

The number of Cu02 planes per unit cell may be re- 
garded as another parameter that, in effect, determines 
the magnitude of the chemical disorder. As demonstrated 
in Bi2212, multilayer materials can accommodate het- 
erovalent ions by making use of type (b) substitution 
whose effect on Tc was seen to be weaker than type (a) 
substitution. Furthermore, the space between the Cu02 
planes forming a multilayer may buffer the impact of the 
disorder. For instance, in single-layer materials, any dis- 
placement of the "upper" apical oxygen in a CuOg octa- 
hedron creates stress in the Cu02 plane because the mo- 
tion of the octahedron is constrained by the "lower" api- 
cal oxygen. Double-layer materials contain CuOs pyra- 
mids rather than CuOg octahedra, and the separation 
between Cu02 planes reheves this stress, reducing the 
effects of type (a) disorder. This buffer zone between the 
outer Cu02 planes is further increased in triple-layer ma- 
terials, with the additional benefit that the middle layer 
is somewhat "protected" from the direct effects of pat- 
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tern (a) (and (c)) disorder. 

Cursory examination of Fig. 3 reveals that Tc max gen- 
erally increases both across the rows and down the 
columns of the chart. Indeed, there is no material in 
(a-1) which possesses a Tc^max higher than 50 K. Fur- 
thermore, Bi2201 in column (a) has a lower Tcmax than 
T12201 in column (c), despite their similar crystal struc- 
tures. Similarly, Tc,maxOf TlBai+^Lai_^Cu05 (T11201) 
is lower than that of HgBa2Cu04+5 (Hgl201). 

This trend is closely obeyed when one concentrates on 
the variation within a single family of materials, each 
denoted by a different color in the chart. For exam- 
ple, across the first row, oxygen-intercalated La2Cu04+5 
located in (c-1) has higher Tcmax than Sr-substituted 
La2Cu04 (a-1). Down the column, Tc,max of the bilayer 
La-based system La2_2;Sr3:CaCu206 (a-2) is higher than 
that of its single-layer cousin. The classification suggests 
a negative correlation between the effective magnitude 
of chemical di sorder an d Tc.max- Additional remarks are 
made in Ref.s 122123121 

We note that one may also have to consider other fac- 
tors which characterize the global materials properties 
and are likely to play a significant role as well in de- 
termining Tc^niax, such as Madelung potential2&, bond 
valence sumS^, band structure^i, block layes^S, multi 
layes^S etc. Although the present scheme is somewhat 
oversimplified and does not take account of these param- 
eters, we believe it serves as a useful framework within 
which to consider the chemical disorder effects prevalent 
in these materials, at least some of which, if ignored, 
have the potential to lead to the misinterpretation of ex- 
perimental data. Finally, similar to previous work on 
T11223i^ and to the present work on Bi2212, it might 
be possible to raise Tc^max of certain other cupratcs by 
minimizing the effects of chemical disorder. 



VI. SUMMARY 

In summary, we present case studies of the effects of 
chemical disorder on the superconducting transition tem- 
perature of the single-layer and double-layer Bi-based 
cuprate superconductors. We find that the supercon- 
ducting transition temperature of Bi2212 can be in- 
creased up to 96 K by lowering the impact of Sr site 
disorder, the primary type of disorder inherent to the 
bismuth family of materials, at the expense of Ca site dis- 
order. Based on these experimental results, we present a 
qualitative hierarchy of possible disorder sites, and then 
proceed to categorize the hole-doped high-temperature 
superconductors on that basis. 
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FIG. 3: (Color) Classification of bulk high- Tc cuprates in terms of the disorder site and the number of Cu02 layers. Materials 
belonging to the same family are indicated by the same color. Halogen family denotes (Ca,Sr)2Cu02A2 (A=C1, F) based 
materials. Bi family denotes Bi22(n-l)n (n=l,2,3). Pb family denotes Pb2Sr2Ca„-iCu„+i02. IL Tl family denotes one-Tl- 
layer cuprates, TlBa2Ca„-iCun03+2n+«. 2L Tl family denotes two-Tl-layer cuprates, Tl2Ba2Can-iCu„04+2n+« . La family 
denotes La2Ca„_iCu„02+2n. YBCO family denotes LnBa2Cu^06+5 . Hg family denotes HgBa2Ca„_iCun02+2n+i5. The 
transition temperatures are compiled from works listed in Ref. 



